ABSTRACT Steady-state rates of potassium ion and sodium ion absorption by excised barley roots accompanied by various anions were compared with the rates of anion absorption and the concomitant H + and base release by the roots. The cation absorption rates were found to be independent of the identities, concentrations, and rates of absorption of the anions of the external solution, including bicarbonate. Absorption of the anion of the salt plus bicarbonate could not account for the cation absorption. H + is released during cation absorption and base during anion absorption. The magnitude by which one or the other predominates depends on the relative rates of anion and cation absorption under various conditions of pH, cation and anion concentration, and inhibitor concentrations. The conclusion is that potassium and sodium ions are absorbed independently of the anions of the absorption solution in exchange for H +, while anions are exchanged for a base. The H + release reflects a specificity between K + and Na + absorption such that it appears to be H + exchanged in the specific rate-limiting reactions of the cation absorption.
On the other hand, Jacobson, Overstreet, and coworkers hold that cations and anions are absorbed independently in exchange for H + and O H -, respectively (11) . The absorption of potassium ion and bromide by barley roots is unequal (10) and bicarbonate was not absorbed rapidly enough to support potassium ion absorption (14) . M a n y workers have observed pH changes in the external solution during salt absorption, but direct observations of the relationship between rates of ion absorption and rates of H + and base exchange in short times have not been reported.
In the work presented here absorption rates of K + and Na + accompanied by various anions are compared with rates of anion absorption and the concomitant H+ and base release by the roots. These studies lead to the conclusion that cations are absorbed independently of the anion in the absorption solution in exchange for H +, while anions are absorbed in exchange for a base.
M A T E R I A L S AND M E T H O D S
Excised roots from 6-day-old seedlings of barley (Hordeum vulgare, var. compana) were the experimental plant material. The seedlings had been dark-grown in continuously aerated 2 X 10 -4 ~ CaSO4, essentially as described by Epstein and Hagen (3) . Roots were excised about 15 minutes prior to the experiment, rinsed 3 times with approximately 50 times the root volume of water, and then suspended in continuously aerated water in the same proportion. Distilled demineralized water was used throughout the root preparation and absorption procedures.
The absorption solutions were salt solutions containing a radioactive tracer for the ion under study. Salts of potassium, rubidium, sodium, bromide, chloride, sulfate, phosphate, and succinate were labeled with Rb 8s, Na2% Br 82, CP 6, S 35, p3~, and C 14, respectively. Sufficiently large volumes of the absorption solutions were used to maintain an approximately constant concentration of the salt under study during absorption. The pH was adjusted and maintained within 0.05 unit and the temperature was 25°C.
Potassium ion absorption rates were determined by using Rb 86 as an isotopic tracer for K +. Validity of this is suggested by experiments of Epstein and Hagen (3) and Fried and Noggle (5) . It is also shown directly by comparisons of absorption rates from RbS6-KC1 solutions with absorption from Rb86-RbC1 and K4~-KC1 solutions (Table I) . Effects of pH, oxygen, 2,4-dinitrophenol (DNP), and temperature are closely the same with Rb83-KC1 as with Rb3~-RbC1, Potassium absorption solutions contained Na + in sufficiently high concentration (usually 10 -3 M) so that Na + concentration was not a variable in the adjustment and maintenance of pH. This also insured against the anion concentration being a variable during most experiments. Sodium salt concentrations as high as 10 .3 M had no significant effect on K + absorption at any concentration from 10 .6 to 3 X 10 .2 M (Table I) .
The amount of electrolyte leaking from the calomel electrode during pH measurements was also considered. The electrode may leak enough salt to increase the salt concentration of I0 ml of water to 10 -8 ra in 1 minute. I n most cases, p H was adjusted without placing the electrode in the solutions used for absorption, by measuring the p H of small aliquots which were discarded. W h e r e the electrode was placed in the absorption solution, a salt which had no effect on the absorption of the ion under study was used as the electrolyte. NaC1 was used for potassium ion and succinate studies. Solutions for N a + absorption contained 10 -8 ~ LiCI and were titrated with L i O H , using LiC1 in the electrode. Na~SO4 or KsSO4 was used for bromide a n d chloride experiments and KC1 for sulfate and phosphate experiments. T h e p H meter was calibrated for the small differences in the p H 3.5 to 7.5 range that occurred with some of the electrolytes. (Fig. 2) . Vm~x i and Km 1 are the kinetic constants of the reaction predominating at low cation concentrations. Vmax s and Km 2 are the constants of the reaction predominating at high concentrations. NaCI at a concentration of 10 -s M was present in the experiments from which these calculations were made.
For the absorption experiments, 3 or 4 g m of roots were weighed, rinsed 4 times, a n d then placed in 500 ml of continuously aerated absorption solution. Successive portions of the roots were removed at each of 5 sampling times, usually every 2 or 3 minutes, rinsed 4 times with 50 times the root volume of water, blotted gently, and weighed. ~,~ g m samples were assayed for radioactivity. Absorption rates were calculated from the regression of the absorption-time function by the m e t h o d of least squares.
H+ a n d base released by the roots were determined by incubating 1 g m samples of roots in 100 ml of r a p i d l y aerating solution for various periods, usually up to 1 hour. After incubation, the roots were removed a n d the solutions were titrated back to the initial p H with standardized N a O H or H~SO4. Rates of H + and base release were calculated from 6 sampling periods in the same m a n n e r as the absorption rates.
Chloride concentrations which were measured for some of the experiments were d e t e r m i n e d by means of an Aminco-Cotlove automatic chloride titrator, which is a 
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Fro. I B weight) of roots. None of the rates includes the fraction of ions taken up or released which equilibrates within the first few minutes of incubation and is represented by the intercept of the time curve. Salt in the apparent free space was removed by washing. The roots contain the order of 10 -5 moles of potassium and 10 -6 moles of sodium per gram, determined by flame photometric analyses. No observable efflux of absorbed or endogenous potassium or sodium occurs in water, RbCI, KC1, NaNs, or D N P solutions within the relatively short times measured provided the desorption solutions are well aerated and not more acid than pI-I 4, as shown in Table II . This was measured both by flame photometric analyses and by the more sensitive isotope exchange studies. Thus, neither K + nor Na + absorption is accompanied by exchange for Na + or K +.
Steady-state rates of K + absorption increase with K + concentration in a manner consistent with the observations that absorption can be analyzed as arising from 2 rate-limiting reactions (5) (Fig. 2 A) . Sodium ion absorption also is described by 2 rate-limiting reactions (Fig. 2 B) . The increase in rate from 10 -6 M to 10 -8 M is due to an increase in the cation concentration, since the anion concentration was constant over this range.
T A B L E II

R E T E N T I O N OF ABSORBED P O T A S S I U M AND S O D I U M BY R O O T S IN V A R I O U S S O L U T I O N S
T h e roots were grown for 5 days in a potassium-sodium n u t r i e n t solution. Desorption solutions were at pH 5. Absorption rates of both cations are inhibited by hydrogen ions as is evident when the cation concentration is less than or equal to the H + concentration, For example, in Table III , K + absorption from 10 -s M K + is less at p H 4 than at p H 5. When the cation concentration is much greater than the H + concentration, change in p H has little effect as shown by K + absorption in Table IV . This is in agreement with the competitive effects of p H described by Fried and Noggle (5), but differs from the deductions of Steward and Sutcliffe (16) .
The Effect of Anions and Anion Concentration
Rates of K +, l~b +, and Na + absorption from solutions of various salts were measured with the results shown in Table III . The anion concentration in the experiments was 5 × 10 -4 M to 2 X 10 -2 M, whatever concentration was sufficient to balance the cation concentration. Chloride concentrations in the solutions with other anions were less than 5 × 10 -6 M, a concentration contributed by the isotope used. Potassium ion absorption rates from KC1 solutions were the same as from K2SO4 solutions within the accuracy of measurement over a tested rangeofK+concentrations from 3 X 10 -e M to 3 X 10-2u (Fig. 2 A) . Vm~, and Km values were the same for both rate-limiting reactions in sulfate or in chloride solution. With succinate, absorption from 10 -5 M K + was 98 per cent at p H 4 and 102 per cent at p H 5 of the absorption rate with chloride. Sodium absorption with succinate was 100 per cent from 10 -5 u Na ÷ and 109 per cent from 10 -8 M Na +. With ATP, K + was absorbed from 10 -5 M K + at 97 per cent and from 10 -3 M K ÷ at 94 per cent of the rate with chloride. Potassium ion absorption from 10 -5 u and 10 -3 M K + with nitrate, thiosulfate, and phosphate also shows no significant difference from chloride. The absorption is unaffected by a 100-fold change in total salt concentration, as shown in Table I , where the rate of absorption from 10 -5 M K + is the same with no added chloride as with 10 -3 M NaCI. Sodium ion absorption rates are similarly independent of the anion of the salt. Rubidium absorption is also the same from sulfate solutions as from chloride and not affected by a 100-fold change in total chloride concentration. Thus, absorption of K ÷ and Na + is independent of the concentration and identity of the anion of the salt. Potassium ion absorption is also independent of the concentration of bicarbonate (Table IV) . Bicarbonate concentration as high as 3.6 N 10 -3 M has no effect on K + absorption.
Thus, if K +, Rb +, or Na + is absorbed in association with the anion of its salt or bicarbonate, the rates of absorption of these anions must all be equal to each other and to the rate of cation absorption. T h a t this is not the case is shown by the rates of anion absorption in Table V compared with K + and Na + absorption rates in Table III . Rates of K+ absorption greatly exceed rates of sulfate and phosphate absorption. The K + absorption rate at p H 5 from 10 -~ M K + in the presence of phosphate is 126 m~moles/minute gram. Phosphate absorption is only 52. Under these conditions, H2PO4-is the predominate phosphate ion species absorbed and in the absorption solution (6) . Sulfate absorption is not fast enough to support K + absorption at any sulfate concentration. Even a t Vm~x where the rates are independent of pH, neither sulfate nor phosphate is sufficiently fast to accompany K + absorption. Only chloride and bromide absorption rates are fast enough at high concentrations to support the rapid rate of K + absorption, but K + absorption is independent of the chloride concentration. Bromide absorption rates were not influenced by different accompanying cations, potassium, calcium, and zinc ions, which are absorbed at widely differing rates (4, 15) . Phosphate absorption was the same whether in solution as a Na + or K + salt and a KC1 concentration of 10 .3 M has no effect at any phosphate concentration measured (10 -e M t o 5 × 10 -4u).
Uptake of bicarbonate and CO2 has been reported as approximately 2 (17) and 10 (14) per cent of the respiration rate under conditions of greater
b i c a r b o n a t e concentrations t h a n in the experiments r e p o r t e d here. I t is not likely t h a t C O s u p t a k e greatly exceeds 10 per cent of the respiration rate since the r e s p i r a t o r y C O 2 / O 2 quotient is 1.0. T h e roots in these experiments respire at rates b e t w e e n 200 a n d Fig. 2 A. K + absorption at pH 5 from KC1 and K2SO4 solutions. K + concentrations are from 3 X 10-6 M to 3 X 10 -~ M with 2 X 10-~ M Na + present at all K + concentrations. Fig. 2 B. Na + absorption at pH 7 from NaCI solutions with 10-s M LiCI present. Na + concentrations are from 10 --6 M to 10 -2 M.
gram. T h i s value falls far short of being sufficient to a c c o u n t for the difference b e t w e e n p o t a s s i u m absorption a n d sulfate or p h o s p h a t e absorption• Acid and Base Release by the Roots H y d r o g e n ions are released b y roots at steady rates, as shown in Fig. 3 , u n d e r conditions where the rate of cation absorption is constant a n d p r e d o m i n a t e s over the anion absorption. At the high salt concentrations of Fig. 3 , the absorption rate is i n d e p e n d e n t of the pH change during the experiments. The rates of H + release appear to be net rates, reflecting the difference between anion and cation absorption. For example, the rate of release in KC1 is less than in K~SO, at the same potassium concentration. H + release in CaSO, reflects the large initial exchange step that is observed with calcium ion and strontium ion absorption (4) . After approximately 20 minutes, the rate is constant with time but relatively slow as expected from the relatively slow rate of calcium ion absorption. In CaCI~, after the initial exchange H + release, a net steady-state release of base is observed which overshadows the slow H + release of calcium ion absorption. This is consistent with the relative rates of calcium ion and chloride absorption. Sodium ion absorption is approximately the same as K + absorption at 10 -a M (Table III) and produces the same rate of H + release in the same salt, as in Table VI . The cation induced H + release is even faster when acetate is the anion, as expected from the general observation that organic acids enter roots only in the undissociated form.
Rates of H + release qualitatively follow the rates of cation absorption. They increase with an increase in K + concentration with the same salt, as shown in Table VI . Mannose, 2,4-clinitrophenol(DNP), and low oxygen concentrations, which are inhibitors of potassium absorption (Fig. 1 A) , decrease the rate of H + release. On the other hand, Na + absorption is not inhibited by oxygen as low as 1 per cent (Fig. 1 B) . The H + release rate in 5 X 10 -s M N a O H is similarly unaffected. In this case, the rate of H + release is approximately equal to the rate of Na + absorption.
T A B L E I I I P O T A S S I U M I O N A N D S O D I U M I O N A B S O R P T I O N R A T E S W I T H V A R I O U S A N I O N S
A n i o n c o n c e n t r a t i o n s are 10 -3 M to 2 X 10 -z M for m o n o v a l e n t species a n d 5 X 10-* ~ to 10 -e for d i v a l e n t species. No significant c o n c e n t r a t i o n s of t r i v a l e n t species u n d e r t h e e x p e r i m e n t a l conditions. 10-3 M N a + is also in the solutions for K + a n d R b + a b s o r p t i o n a n d 10-3 M Li + is in t h e N a + a b s o r p t i o n solutions. Rates of base release can be observed under conditions where anion absorption rates exceed cation absorption. Base release rates are constant with time under the experimental conditions of relatively high salt concentration (Fig. 4) when the absorption rate is constant. Thus, there is a net steady base release with 10 -~ M CaC12 at pH 4. This was also true for 10 -3 M KCI at p H 4. The rate is less at 10 -~ M KC1 (Table VII) as expected from the increase in net H + release in 10 -2 M KC1 at p H 7. Base release rates are consistent with the relative rates of anion absorption. They are m u c h greater with CaCI~ at p H 3.5 where chloride absorption is increased and calcium ion absorption would be expected to be more inhibited. The initial H + exchange reaction with calcium ion is overshadowed by the large base release so that the rates appear constant from 1 second (Fig. 4) . On the other T A B L E I V hand, with CaSO ~, the initial exchange of both calcium ion and sulfate (2) is reflected by an initial state of no change in the amount of base released for the first 20 minutes. Thereafter, a relatively slow steady rate ensues. With Na2SO~, H+ release overshadows the base release even at p H 4, owing to the greater rate of cation absorption. D N P reverses this, showing the same base release rate that it shows without the addition of salt. Hydrochloric, sulfuric, phosphoric, and acetic acids all give rise to a base release with the relative rates in qualitative agreement with the relative rates of anion absorption.
T H E E F F E C T O F B I C A R B O N A T E C O N C E N T R A T I O N O N K + A B S O R P T I O N K ÷ c o n c e n t r a t i o n was 3 X l0 -a M w i t h l0 -s ~ •a + present. Solutions w i t h H C O s -c o n c e n t r a t i o n s greater t h a n 5 X l0 -6 M were p r e p a r e d by t i t r a t i n g K H C O a --N a H C O s solutions w i t h HC1 to the desired pH. T h e H C O 3 -conc e n t r a t i o n was
The results show that H+ is released during cation absorption and base during anion absorption. The magnitude by which one of these predominates depends on the relative rates ot cation and anion absorption. However, the actual rate of base release exceeds the rate of anion absorption. For example, base release with 5 X 10 -5 ~a H~SO, is 15 re#moles/minute gram when the absorption is less than 1 (results in Table V compared to those in Table  VII rate and base release with 10 -4 ~ HsPO4, although the discrepancy is not as great as with sulfate. This explains why the differences in H + release between KC1 and K2SO, are not as great as expected from the relative absorption of chloride and sulfate.
D I S C U S S I O N
Potassium ion and sodium ion absorption are independent of the identities, concentrations, and rates of absorption of the anions of the external solution.
Independence of cation and anion absorption is also shown by the effect of 10 -s ~a mannose which inhibits potassium absorption but does not affect phosphate absorption (8) . Mannose has been shown to alter the distribution of p32 among the products of phosphate absorption by barley roots (8) . Thus, cations must be absorbed as ions or hydroxides. Anions must be absorbed as ions or undissociated acids. Release of hydrogen ions accompanying cation absorption and base release during anion absorption substantiates this. It is also consistent with the competitive effect of hydrogen ion on cation absorption (5) and of hydroxide on phosphate absorption (6) . H + release cannot be accounted for by bicarbonate absorption since CO~. uptake is not great enough to account for the excess of cation absorbed over anions. Neither cation is exchanged for the sodium ion or potassium ion in the roots. Release of hydrogen ion in the external solution does not differentiate between an actual H + exchange or hydrogen ion release owing to uptake of
hydroxide. In either case, internal anions must exert some balance for cation absorption if a constant charge balance is to be maintained. Organic acid anions have been shown to increase with excess cation absorption and to decrease with excess anion absorption (9, 18) . Lundegardh (12) believes that T h e negative rate of CaCI2 indicates a net base release. All solutions contain sufficient base to b r i n g the solution to p H 7 and are equilibrated w i t h air. K O H was used to adjust p o t a s s i u m salt solutions, N a O H for sodium salt solutions a n d C a ( O H ) , for calcium salt solutions. T h e a m o u n t of base did not increase the cation concentration of the added salt solutions by m o r e t h a n 10 per cent. Solutions w i t h o u t added salt contain only sufficient base to b r i n g the solution to p H 7. increase in organic acid anions is accomplished by bicarbonate uptake and is causally related to excess cation absorption. On the other hand, Jacobson (9) observed that CO2 uptake from the external solution was not sufficient to account for the organic acid increase. The organic acid concentration changes were not always equal to or great enough to account for the excess cation or anion absorbed, particularly in the case of anions. Ulrich (18) viewed the changes in organic acid content as a respiratory-linked result of unequal absorption of anion and cation. Increased organic acid content associated with an excess of cation absorbed was attributed to concomitant C O 2 uptake. An increase in the respiratory utilization of organic acids was at- the excess anion absorption since C O . is constantly generated in the roots by the respiratory chain. Overstreet et al. (14) state that excess absorption of anions is usually accompanied by an increase of H C O 3 -in the external solution. Titration curves do not suggest that sufficient amounts of organic weak-acid anions are excreted. Potassium ion absorption is inhibited at 1 per cent oxygen but Na + ab-sorption is not. This infers a specificity of the absorption for each cation. The H+ release rate, in reflecting the absorption rate of each cation, also reflects this specificity. Thus, the H + release appears to be production of H + in the specific reactions of the cation absorption. It does not appear that a general exchange is rate-limiting to the cation absorption; that is, K + or Na + absorption is not rate-limited by H + exchange from non-specific sources. Further, the cation absorption does not depend on a H + gradient in the opposite direction, as is indicated by almost no effect of a change in H + concentration from 10 -a M to 10 -7 M on K + absorption from 10 -8 M K +. H + and base release during cation and anion absorption substantiates a process of H + exchange for cations and O H -exchange for anions, formulated by Jacobson et al. (10) . Exchange is consistent with mechanisms of absorption mediated by metabolically produced carriers, with more than one reaction for each ion and with specificity of absorption of individual ions. In addition, it provides an electrical balance for independent absorption of cations and anions.
The rate-limiting steps of cation and anion absorption are only connected by a maintena: .e of charge. However, independence of the immediate reactions of cation and anion absorption does not preclude the likelihood that absorption of one would have an eventual or indirect effect on the other. For example, an increase in respiration produced by anions which was observed by Lundegardh (13) might be expected to alter the steadystate levels of compounds involved in cation absorption. In turn, the increase in organic acids associated with excess cation absorption may eventually alter the rate of anion absorption. The experiments presented indicate that the rate-limiting step for cation absorption against a salt concentration gradient is neither a gradient produced by simultaneous anion absorption nor an H+ concentration gradient in the opposite direction. It appears to be the production, utilization, or turnover of compounds in specific reactions.
